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Biostrutture e Biosistemi (I.N.B.B.), Viale delle Medaglie d’Oro, Rome, ItalyABSTRACT We used tapping mode atomic force microscopy to study the morphology of the amyloid protoﬁbrils formed at ﬁxed
conditions (low pH with high ionic strength) by self-assembly of the N-terminal domain of the hydrogenase maturation factor
HypF. Although all protoﬁbrils in the sample share a beaded structure and similar values of height and width, an accurate analysis
of contour length and end-to-end distance and the comparison of experimental data with theoretical predictions based on the
worm-like chain model show that two different populations of protoﬁbrils are present. These populations are characterized by
different physical properties, such as persistence length, bending rigidity and Young’s modulus. Fluorescence quenching
measurements on earlier globular intermediates provide an independent evidence of the existence of different populations.
The ﬁnding that differences in mechanical properties exist even within the same sample of protoﬁbrils indicates the presence
of different subpopulations of preﬁbrillar aggregates with potentially diverse tendencies to react with undesired molecular targets.
This study describes a strategy to discriminate between such different subpopulations that are otherwise difﬁcult to identify with
conventional analyses.INTRODUCTIONA number of severe pathological conditions are associated
with the conversion of a specific protein or peptide from its
soluble state into well organized fibrillar aggregates that
accumulate in the extracellular space or inside the cells of
fundamental tissues (1–3). These disorders include neurode-
generative conditions, such as Alzheimer’s, Parkinson’s and
Creutzfeldt-Jacob disease, nonneuropathic systemic amyloid-
oses, such as senile systemic amyloidosis, light chain
amyloidosis, and dialysis-related amyloidosis, and nonneuro-
pathic localized diseases, such as type-II diabetes and atrial
amyloidosis (1–3). The fibrillar assemblies, generally referred
to as amyloid fibrils when they accumulate extracellularly,
have the ability to bind specific dyes such as thioflavin
T and Congo red (4). They consist of two to six protofila-
ments, each around 2–5 nm in diameter, that generally twist
together to form fibrils that are typically 7–13 nm wide
(5,6). In each individual protofilament the protein molecules
are arranged to form b-strands that run perpendicular to the
long axis of the fibril (7,8).
It is increasingly recognized that the small prefibrillar
aggregates that accumulate before long mature fibrils are the
species that play a key role in the pathogenesis of at least
some protein deposition diseases (3). The recent technolog-
ical progress has allowed the structure of some prefibrillarSubmitted July 23, 2009, and accepted for publication November 30, 2009.
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0006-3495/10/04/1277/8 $2.00aggregates of the Alzheimer’s Ab peptide to be investigated
in molecular depth by means of hydrogen/deuterium
exchange in conjunction with mass spectrometry (9–11) and
solid-state NMR (12). In a few cases information on the
mechanical properties of some prefibrillar aggregates has
also been reported (13). Nevertheless, as prefibrillar aggre-
gates form only transiently and are characterized by a high
structural heterogeneity, at present the information on their
structure, dynamics, and properties remains poor. Among
the various oligomers that have been so far observed in
processes of amyloid formation reconstructed in vitro are
the protofibrils (14–17). These have the appearance of
chains of small spherical oligomers, each having a diameter
of 2–5 nm; the chains are worm-like, i.e., they have a curvi-
linear beaded-like appearance; in addition, such structures
contain significant b-sheet structure and are able to bind
thioflavin T (14–17).
In this work, we investigate the worm-like protofibrils
formed from the N-terminal domain of the Escherichia coli
protein HypF (HypF-N) using atomic force microscopy
(AFM). It was shown previously that incubation of this
protein domain at low pH and high ionic strength promotes
the conversion of its partially unfolded, premolten globule
state into spherical oligomers that subsequently assemble
to form worm-like protofibrils with the structural, morpho-
logical and tinctorial characteristics described above, thus
similar to the protofibrils formed by other proteins and
peptides (18–21). We will show that from a first inspection
of the morphology, diameter, and length, such protofibrils
seem to have uniform characteristics, differing only for
their lengths according to a typical distribution of growingdoi: 10.1016/j.bpj.2009.11.052
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based on the determination of protofibril contour length
and end-to-end distance, it was possible to identify at least
two different populations of protofibrils that differ for their
persistence length and therefore for mechanical properties
such as elasticity modulus and bending rigidity. The pres-
ence of different populations is confirmed independently
by fluorescence quenching measurements on early spherical
oligomeric aggregates. The observation of such amorpholog-
ical and, more importantly, physico-mechanical heteroge-
neity within the same sample of protofibrils, will raise the
point that subpopulations of prefibrillar aggregates may
have completely different characteristics, even in terms of
their biological effects in protein deposition diseases.MATERIALS AND METHODS
Expression and puriﬁcation of wild-type
and mutated HypF-N
HypF-N was expressed and purified as described previously (19). Protein
concentration was assessed by optical absorption (3280¼ 12,490 M1 cm1)
and stock solutions were stored at –20C in 5 mM acetate buffer, 2 mM
dithiothreitol, pH 5.5.
Mutated genes of HypF-N were obtained using the QuikChange site-
directed mutagenesis kit from Stratagene (La Jolla, CA). The presence of
the desired mutation was assessed by sequencing the entire gene. The
gene for mutated HypF-N was cloned in a modified pQE30-Xa plasmid
and the variant was expressed at 25C in E. coliXL-1 Blue cells and purified
similarly to the wild-type protein (19). Stock solutions were stored at –80C
in 100 mM potassium phosphate buffer, 2 mM Tris(2-carboxy-ethyl)phos-
phine hydrochloride, pH 7.1.
Tapping mode AFM
HypF-N was incubated at a concentration of 48 mM at 25C in 20 mM tri-
fluoroacetic acid (TFA), 330mMNaCl, pH 1.7, corresponding to a total ionic
strength of 350 mM. At fixed times, 20 mL aliquots of protein sample were
withdrawn, deposited on a freshly cleaved mica substrate and dried under
a gentle nitrogen flow. Before deposition, the sample was diluted from 330
to 1000 times to avoid salt crystallization. TM-AFM images were acquired
in air using a Dimension 3100microscope (Digital Instruments, Veeco, Santa
Barbara, CA), equipped with a G scanning head (maximum scan size ¼
100 mm) and driven by a Nanoscope IIIa controller. Single beam uncoated
silicon cantilevers (type RTESPA (Veeco), with nominal spring constant of
40 N/m and resonant frequency 300 kHz, and type OMCL-AC160TSTABLE 1 Morphological and physical parameters of HypF-N protoﬁ
Population 1
Protofibril height h (nm)* 1.885 0.02
Raw protofibril width, wa (nm) 38.85 0.5
Corrected protofibril width w (nm)y 265 1
Contour length L (nm) 19857
End-to-end distance R (nm) 1405 5
Persistence length P (nm) 695 3
Bending modulus CB (N m
2) (2.95 0.1)  1028
Young’s modulus Y (Pa) 5  108
Morphological and physical parameters of HypF-N protofibrils grown at 350 mM
*The height values reported in this table are not corrected for dehydration effects
values by a factor of 1.9 (see Materials and Methods).
yCorrected for tip size effects (see Materials and Methods).
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frequency 300 kHz) were used. The drive frequency was between 260 and
320 kHz, the scan rate was between 1.0 and 1.5 Hz.
Aggregate sizes were obtained from the height in cross section of the
topographic AFM images. Although the measured sizes are reduced with
respect to fully hydrated conditions due to the drying procedure used to facil-
itate the sample adhesion to the mica substrate, the aggregate heights re-
ported in the Results were not corrected for shrinking effects caused by
sample dehydration. This choice is due to the need of an easier comparison
with literature data. However, we have evaluated the shrinking factor by
comparing the heights of HypF-N protofibrils measured under liquid and
in air after drying under nitrogen; from these measurements we obtained
a shrinking factor of 1.95 0.1.
Protofibril apparent widths, wa, were measured from the width in cross
section of the topographic AFM images. These values are affected by
AFM tip effects, which cause a broadening of the imaged object in the
scan plane (22). If the object profile can be modeled with a simple geomet-
rical shape, such enlargement effect can be estimated with geometrical argu-
ments once the tip radius Rt and the object height h are known (the latter is
not affected by the tip size). For a semicircular object profile, the expected
width w is given by the equation: w ¼ wa  2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 h Rt þ h2
p
. The values
of w reported in Table 1 were obtained according to this equation.
The protofibril length was measured from the topographic AFM images
using a routine that we have implemented using MATLAB (The Math-
Works, Natick, MA). Such routine approximates the fibril profile using
a sequence of segments.
Labeling of mutated HypF-N
with N-(1-pyrene)maleimide
Labeling of the C7S/C40S variant of HypF-N, carrying a single cysteine
residue at position 65, was carried out overnight in the dark, under constant
mechanical shaking, in 3 M guanidinium hydrochloride, 100 mM potassium
phosphate, pH 7.1, 4C. A 10-fold molar excess of N-(1-pyrene)maleimide
from Invitrogen (Carlsbad, CA) dissolved in dimethyl sulfoxide was added
to the protein sample in a final volume of 1 mL. The reaction was quenched
by addition of 10 mL of TFA. The unbound dye was removed by dialysis
using a dialysis membrane with a 3000 Da cut-off. The sample was then
centrifuged for 5 min at 16,100  g. The degree of labeling was determined
by measuring the ratio between the concentration of bound probe (3344 ¼
40,000 M1 cm1) and the concentration of protein determined at
280 nm, with the contribution of the probe at this wavelength duly subtracted
(23). This was found to be 0.9.
Quenching of N-(1-pyrene)maleimide
ﬂuorescence
Samples of 48 mM HypF-N labeled with N-(1-pyrene)maleimide were incu-
bated for 4 h in 20 mM TFA, 330 mMNaCl, pH 1.7, 25C. The fluorescencebrils
Population 2 Total
1.9250.02 1.8950.01
36.25 0.7 38.25 0.4
23 5 1 25 5 1
3905 20 2405 8
99 5 7 1315 4
10 5 1 26 5 2
(4.25 0.4)  1029 (1.15 0.1)  1028
6  107 2  108
ionic strength, pH 1.7, 25C. Standard errors are reported.
; height values under hydrated conditions can be obtained multiplying these
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amide solution in 20 mM TFA and 330 mM NaCl. Fluorescence spectra
between 360 and 550 nm (344 nm excitation) were then acquired at 25C
at different acrylamide concentrations in the range 0.0–0.6 M. The final
sample dilution was<10%. A Perkin-Elmer LS 55 spectrofluorimeter (Well-
esley, MA) and a 4  10 mm path-length quartz cell were used.RESULTS AND DISCUSSION
Protoﬁbril morphology indicates the coexistence
of two populations
The incubation of HypF-N at pH 1.7, 350 mM ionic strength,
25C resulted in the formation of worm-like protofibrils dis-
playing a beaded structure, as shown by tapping mode AFM
(Fig. 1, a and b). The distributions of protofibril height h,
apparent width wa, contour length L and end-to-end distance
R are reported in Fig. 1, a–d. The behavior of the height
distribution reflects the beaded structure of the protofibrils
with the larger values corresponding to the AFM probe
located on top of the beads and the smaller ones correspond-
ing to the probe located between adjacent beads (19,20). For
sake of simplicity, the mean height value will be used in the
following.
To evaluate the protofibril persistence length P, which is
the length through which the memory of the protofibril initial
orientation remains present, R2 was plotted as a function of L
(Fig. 1 e). In principle, two models could be fitted to the
experimental data to obtain the persistence length. The first
one is based on the assumption that the protofibrils reach
a conformational equilibrium in two dimensions subsequent
to their deposition on the mica substrate. In such a case, their
mean-square end-to-end distance attained on the two dimen-sions, hR2i2D, can be expressed as a function of the contour
length and persistence length as follows (24):

R2

2D
¼ 4PL

1 2P
L

1 e L2P

: (1)
In the secondmodel, protofibrils are assumed to be trapped on
the 2D mica without equilibrating on the surface. In this case
their conformation is expected to resemble the projection on
the surface of their previous 3D structure in solution.
However, the protofibril conformation on the surface will
generally not correspond exactly to a mathematical projec-
tion, which, depending on the spatial orientation of the object,
generally does not maintain its length. By contrast, in this
case, the protofibril contour length does not change during
adsorption. In this case the mean-square end-to-end distance
of the protofibril hR2i3D projdepends on its contour length
according to the equation (24):

R2

3D proj
¼ 4
3
PL

1 P
L

1 eLP

: (2)
For both models, in the limit L << P a limiting curve is ob-
tained, corresponding to hR2i2D ¼ L2 (Fig. 1 e, solid line)
and hR2i3D proj ¼ 2=3L2 (Fig. 1 e, dashed line), for the first
and second model, respectively. These curves represent an
upper limit for the experimental values and correspond to
the case of straight protofibrils, where the contour length
and the end-to-end distance in solution coincide. By contrast,
for a curved protofibril, the end-to-end distance is obviously
smaller than the contour length and therefore the experi-
mental data should be located below the limiting curves.
The data for protofibrils of contour length %400 nmFIGURE 1 (a) Tapping mode AFM image (height data)
of HypF-N protofibrils obtained at pH 1.7, 350 mM total
ionic strength, 25C after 23 days of incubation. Protein
concentration was 48 mM. (b) A portion of the same image
at higher magnification. Scan sizes, (a) 3.0 mm, (b) 1.7 mm.
Z-range, 15 nm. Insets: distributions of protofibril heights h
(for details see the text) (inset a) and protofibril apparent
widths wa (inset b). (c and d) Distributions of protofibril
(c) contour length L and (d) end-to-end distance R. All
distributions were obtained from AFM images. (e) Plot of
squared end-to-end distance (R2) versus contour length L.
The solid and dashed lines are the curves obtained from
Eq. 1 and Eq. 2, respectively, in the limit L << P.
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FIGURE 2 (a) Distribution of h-values for protofibrils obtained under the
same conditions of Fig. 1. Frequencies are multiplied by the corresponding
contour lengths; such values roughly represent the protofibril mass distribu-
tion (see text). The solid line is the theoretical curve predicted by the worm-
like chain model assuming a single persistence length; it shows clearly that
a single population cannot explain the experimental behavior. (b) Squared
end-to-end distance (R2) versus contour length L of protofibrils correspond-
ing to population 1 (h < h*, solid symbols) and population 2 (h > h*, open
symbols). h* corresponds to the minimum value between the two peaks of
the distribution in a. The solid lines are obtained by fitting Eq. 1 to the
two experimental data sets. Insets, representative morphologies of (left
frames) population 1 and (right frames) population 2.
1280 Relini et al.do not fall below the limiting curve of the 3D model, thus
indicating that this model does not properly fit these values;
our experimental data are located either on the limiting curve
of the 2D model or below it (Fig. 1 e). Therefore, the 2D
model seems to be more suitable to describe HypF-N proto-
fibrils, suggesting that they equilibrate on deposition on the
mica surface and ruling out the presence of strong interac-
tions with the substrate. Although based on different exper-
imental findings, similar conclusions were reached by
Hatters et al. (25), who used the 2D model to analyze the
persistence length of apolipoprotein C-II fibrils.
A first procedure of best fitting of Eq. 1 to the experi-
mental data provides a persistence length of 26 nm.
However, the data are not distributed uniformly below the
limiting curve especially at large contour lengths; this fact
suggests that different protofibril populations might be
present. To check this hypothesis, we introduced what we
believe to be a new parameter h, defined as the difference
between the contour length and the end-to-end distance,
normalized to the contour length: h ¼ (L  R)/L. When R
is close to L, h approaches zero; h ¼ 0 is typical of com-
pletely straight protofibrils. On the other hand, for curved
protofibrils, R < L and h is between 0 and 1; the limiting
case h¼ 1 corresponds to a closed loop. Therefore we expect
h values approaching zero for rigid protofibrils and ap-
proaching 1 for flexible fibrils. Fig. 2 a reports the h distribu-
tion. Frequencies are multiplied by the corresponding
L values; thus the height of the histogram at a given value
of h is proportional to the protein mass contained in protofi-
brils presenting that value of h. The bimodality of this distri-
bution suggests the existence of two protofibril populations
of different rigidity.
To further prove that the observed bimodality cannot be
explained by considering a single population with only one
persistence length, we compared the experimental data
with the theoretical distribution provided by the worm-like
chain model with a given persistence length (26). The theo-
retical distribution of h is related to the probability distribu-
tion of R. We define G(R;L) as the conditional probability
distribution of the values of R for a given L. The persistence
length is a parameter of this function. In our calculation we
used the analytical expression of the conditional distribution
functions of the end-to-end vector R introduced recently by
Mehraeen et al. (26) to obtain the radial distribution function
G(R;L) that provides the probability of occurrence of an end-
to-end distance R irrespective of the direction:
GðR; LÞ ¼ R
2PL
eð
R2
4LPÞ

1 3P
2L
 7P
2
6L2
þ 5R
2
4L2
 23PR
2
8L3
 7R
4
64PL3
þ 253R
4
128L4
 131R
6
576PL5
þ 49R
8
8192P2L6

:
(3)
In Eq. 3 we used a persistence length of 26 nm, which is the
value obtained fitting Eq. 1 to the whole data set (Table 1).Biophysical Journal 98(7) 1277–1284From G(R;L) we derived the joint probability distribution
W(R,L) ¼ G(R;L)Z(L), where Z(L) is the experimental distri-
bution of L values given in Fig. 1 c. In particular, Z(L) was
obtained from an analytical asymmetric bell-shaped function
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the variablewe get the functionW(h,L) thatmust be integrated
on L to obtainW(h). The latter is thenmultiplied by a function
LðhÞ giving the average L for each h interval. LðhÞ is deduced
from the experimental data. Finally, the resulting curve is
compared with the experimental distribution in Fig. 2 a.
The curve in Fig. 2 a shows a single maximum that shifts to
the left or to the right as the persistence length increases or
decreases; in any case, the overall shape of the curve is not
altered. This result clearly shows that a single population
cannot explain the observed behavior and that the peaks in
the experimental data in Fig. 2 amust correspond to two pop-
ulations of protofibrils, confirming the analysis carried out
with the h parameter.
To discriminate the two populations we considered the
value of h corresponding to the minimum between the two
peaks of the distribution, h* ¼ 0.58, and we separated the
data with h < h* from those with h > h*. These two
different data sets are shown in the plot of R2 versus L
(Fig. 2 b), with solid and open symbols indicating data for
h < h* and h > h*, respectively. Images of representative
protofibrils for the first (h < h*) and second (h > h*) data
sets are shown in the left and right insets of Fig. 2 b, respec-
tively. From this analysis it emerges that two different pop-
ulations of protofibrils with different features are present
within the same sample. The mean protofibril contour length
of population 1 is lower than that of population 2 by more
than a factor of 2; the mean end-to-end distance of popula-
tion 1 is significantly larger than that of population 2,
although they are on the same order of magnitude; the persis-
tence length obtained from Eq. 1 is very different in the two
populations, with values differing by almost an order of
magnitude (Table 1).
Such different features are not related to the presence of
defects or kinks in the protofibrils. After an inspection ofTABLE 2 Persistence length P, bending modulus CB, and Young’s
P (nm)
HypF-N protofibrils (population 1) 69 5 3 (2.
HypF-N protofibrils (population 2) 10 5 1 (4.
a-Lactalbumin protofibrils —
Insulin amyloid fibrils 42 5 30 (1.
Sickle cell hemoglobin fibers 2.4  105
DNA 52 5 2 (a)
Collagen, single fibril —
Microtubules 1  8 106 (a)
Vimentin intermediate filaments 0.3  1 103 (a)
Yeast cells —
Bone —
Rubber —
Values of persistence length, bending rigidity, and Young’s modulus obtained in
the literature for several biological assemblies and bulk materials. Values labele
same row.the AFM images, we have found that the number of kinks
per unit length is comparable and very low for both popula-
tions (1.3 103 nm1 and 1.8 103 nm1 for populations
1 and 2, respectively). Such a low density of kinks, whichmay
even be overestimated due to the difficulty in singling out
a kink with certainty, corresponds to a separation between
adjacent kinks much larger than the persistence length, thus
suggesting that they do not alter the protofibril properties.Mechanical properties of HypF-N protoﬁbrils
We used the persistence length values to obtain information
about the protofibril mechanical properties. In particular, the
bending modulus CB, which is indicative of fibril flexibility,
is related to the persistence length by the equation CB¼ kB T
P (24). This equation yielded values of CB of (2.95 0.1) 
1028 and (4.25 0.4) 1029 N m2 for populations 1 and 2,
respectively (Table 1). The value obtained for population 1
is on the same order of magnitude as that measured for
aB-crystallin and a-lactalbumin protofibrils (13). Interest-
ingly, the bending modulus obtained for population 2 is an
order of magnitude lower. Overall, these findings indicate
that HypF-N protofibrils are indeed very flexible structures.
On the other hand, mature fibrils are much stiffer. In fact,
most of them, such as Ab 1–42, lysozyme, b-lactoglobulin,
and insulin fibrils, have bending moduli in the range
1026–1025 N m2, whereas transthyretin fibrils are even
stiffer, with a bending modulus of 1.3 1024 N m2 (13,27).
A further insight into the protofibril mechanical properties
can be obtained by evaluating the Young’s modulus, or
elasticity modulus, Y, which represents the mechanical resis-
tance to elongation or compression, and is usually defined
as the ratio of stress to strain. This parameter is given by
Y ¼ kB T P/I (24), where I is the second moment of area,
which can be related, as a first approximation, to themodulus Y of different systems
CB (N m
2) Y (Pa) Reference
95 0.1)  1028 5  108 Present work
25 0.4)  1029 6  107 Present work
1.4  1028 1.4  108 (13)
75 1.2)  1025 (6.35 4.5)  109 (27)
1.0  1024 1.0  108 (34)
— 2.9  108 (b) (a) (35)
(b) (36)
— 1  5  109 (37)
— 1  108 (b) (a) (38)
(b) (39)
— 9  108 (b) (a) (38)
(b) (40)
— 1  106 (41)
— 1  1010 (42)
— 1  106 (a) (a) (42)
1  107 (b) (b) (13)
this work for HypF-N protofibrils are compared with the values reported in
d with (a) or (b) refer to the reference number labeled with (a) or (b) in the
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1282 Relini et al.protofibril radius r by the equation I ¼ pr4/4. Our calcula-
tions have been carried out assuming that protofibrils are
homogeneous; information about the protofibril ultrastruc-
ture would allow the development of a more detailed model.
We estimated r from the protofibril half height obtained from
the AFM images. This approach yielded Y values of 500 and
60 MPa
for populations 1 and 2, respectively (Table 1). Such
different values mainly reflect the difference in persistence
length between the two populations. The Young’s modulus
obtained for population 1 is similar to that measured for
aB-crystallin (13), whereas the value obtained for population
2 is one order of magnitude lower. By contrast, the Young’s
modulus of mature amyloid fibrils is higher, ranging from 2
to 14 GPa (13,27). Values of Young’s modulus, bending
modulus and persistence length for several biological and
polymeric samples are reported in Table 2.FIGURE 3 (a) Tapping mode AFM image (height data) of oligomeric
aggregates formed after 4 h of incubation by HypF-N labeled with pyrene
at position 65 of the amino acid chain. Aggregation conditions were those
reported in Fig. 1. Scan size 500 nm; Z-range 8 nm. The inset shows
a 250 nm 250 nm portion of an image of oligomeric aggregates of wild-
type, unlabeled HypF-N at the same magnification. (b) Stern-Volmer plot
obtained from the aggregates imaged in a. F and F0 are measured at the
emission wavelength of 375 nm. The dashed and solid lines represent linear
best fits yielding different Stern-Volmer constants.Fluorescence quenching of pyrene-labeled
HypF-N oligomers
Fluorescence quenching experiments on oligomeric aggre-
gates of HypF-N labeled with the fluorophore N-(1-pyrene)-
maleimide were carried out to obtain information on the
presence of multiple conformers in the early stages (4 h) of
protein aggregation. Fig. 3 a shows a tapping mode AFM
image of these aggregates, whereas the inset shows the
aggregates formed in the same conditions by wild-type
HypF-N. In both cases aggregates appear as beads of vari-
able size, indicating that mutation and labeling do not alter
the oligomeric structure typical of early HypF-N aggregates.
This result is in agreement with those obtained previously on
wild-type and unlabeled HypF-N as well as on other HypF-N
mutants labeled with pyrene at different positions (20,21).
Fig. 3 b shows the Stern-Volmer plot obtained quenching
pyrene fluorescence with acrylamide. The ratio between
the fluorescence intensity in the absence (F0) and in the
presence of quencher (F) is reported as a function of
quencher concentration. At quencher concentrations higher
than 0.2 M, a downward curvature in the plot is observed.
Downward curvatures in the Stern-Volmer plot indicate the
presence of multiple populations of aggregates that display
different responses to the added quencher due to a different
solvent exposure of the pyrene probe (28,29).
In this case the difference in the degree of exposure is so
large that the different populations give rise to two distinct
linear portions in the plot, rather than to the usual smooth
curvature of the plot observed at high quencher concentra-
tion (28–30). Linear fitting of the two regions yielded
Stern-Volmer constants (31) of 1.41 5 0.03 M1 and
0.395 0.02M1 for the low and high concentration regions,
respectively. The population quenched at low quencher
concentration does not correspond to unfolded monomers
possibly present in solution, as a control quenching experi-
ment carried out at pH 1.7 without any added salt (conditionsBiophysical Journal 98(7) 1277–1284in which aggregation does not occur and HypF-N remains in
a partially unfoldedmonomeric state (19)) resulted in a higher
Stern-Volmer constant at low quencher concentration (data
not shown).
These results add further evidence to the polymorphism
observed after the AFM analysis, and indicate that even in
the very early stages of aggregation at least two populations
of oligomeric aggregates are present in the sample, having
different solvent accessibility of the labeled position. These
findings suggest that the different types of protofibrils
observed at longer times result from different molecular
arrangements of the polypeptide chains. The presence of
Detecting Protoﬁbril Populations 1283different peptide configurations has also been proposed for
mature amyloid fibrils, based on the analysis of torsional
correlations along the fibrils (32) and solid state NMR
measurements (33).CONCLUSIONS
In this study, we have provided what we believe to be
evidence indicating that structural degeneracy, already found
in mature fibrils (32,33), is also present in prefibrillar aggre-
gates. It has been recently shown that structural degeneracy of
prefibrillar aggregates can be obtained by incubating HypF-N
under different conditions, such as at low pH with high ionic
strength (the same conditions used here) and at nearly neutral
pH in the presence of trifluoroethanol (21). We have shown
that structural degeneracy can be obtained for prefibrillar
aggregates even under the same incubation conditions (low
pH with high ionic strength) and within the same sample,
resulting in different protofibril mechanical properties.
From a mechanical point of view, longer protofibrils are
more compliant with respect to bending and elastic elonga-
tion and, more generally, both populations exhibit a higher
flexibility and plasticity with respect to mature fibrils. A
higher plasticity and a lower resistance against elastic elonga-
tion and bending may increase considerably the reactivity
and adaptability of these species to interact with undesired
molecular targets, suggesting why protofibrils may be more
detrimental than fibrils. More importantly, differences in
mechanical properties exist even within the same sample of
protofibrils, indicating that different subpopulations of appar-
ently the same prefibrillar aggregates may have different
physical properties and involvement in diseases.
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